To study the responses of Scots pine (Pinus sylvestris L.), a commercially important tree species in Europe, to future increases in atmospheric CO 2 concentration ([CO 2 ]), we grew saplings for 4 years in the ground in open-top chambers in ambient or ambient + 400 µmol mol -1 CO 2 , without supplemental addition of nutrients and water. Carbon (C) budgets were developed for trees in both CO 2 treatments based on productivity and biomass data obtained from destructive harvests at the end of the third and fourth years of treatment, and simulations of annual gross photosynthesis (P tot ) and maintenance respiration by the model MAESTRA.
Introduction
Meta-analyses (Curtis 1996 , Curtis and Wang 1998 , Medlyn et al. 1999 ) and literature reviews (Ceulemans and Mousseau 1994 , Norby et al. 1999 , Janssens et al. 2000 have shown that net photosynthesis of most tree species is significantly stimulated by elevated atmospheric CO 2 concentration ([CO 2 ]). Although the magnitude of this stimulation differs among tree species, there is an overall increase in photosynthetic CO 2 uptake on a foliage area basis that generally increases carbon (C) uptake on a per tree basis (Norby et al. 1999 , Medlyn et al. 2001 . However, increased leaf-level photosynthesis in response to elevated [CO 2 ] does not necessarily increase plant or tree growth. Various compensatory feedback processes, such as changes in allocation patterns or structural interactions, could negate the expected stimulation. To estimate the degree to which plant growth and biomass accumulation are affected by elevated [CO 2 ], detailed studies of the C balance and of C allocation in the tree must be performed .
Scots pine (Pinus sylvestris L.) forests are the most common forest type in Europe, covering about 75 million km 2 or 24% of the total forested area (Stanners and Bourdeau 1995) . Thus, in addition to the scientific importance of understanding the C balance of trees, it is also of economic interest to know how Scots pine will respond to further increases in atmospheric [CO 2 ]. Because of their high tolerance to nutrient stress, Scots pine trees are often planted on the poorest soils. Therefore, we exposed Scots pine saplings to elevated [CO 2 ] on nutrient-poor forest soil. We hypothesized that, despite the poor soil of this study, elevated [CO 2 ] would stimulate photosynthesis, accelerate tree growth and increase C flow to the soil during the third and fourth year of fumigation with elevated [CO 2 ]. Moreover, after the first year of the experiment, we found that soil nitrogen (N) availability was 10 times less in the elevated [CO 2 ] treatment than in the ambient [CO 2 ] treatment. Because of this reduced nutrient status, we further hypothesized that belowground C allocation would increase in response to elevated [CO 2 ] to maintain functional equilibrium.
To test these hypotheses, we combined ecophysiological and biometric measurements with a comprehensive modeling approach to estimate the C balance and C allocation of Scots pine saplings and their response to elevated [CO 2 ]. Changes in biomass pools were either measured directly or estimated with allometric relationships, whereas CO 2 fluxes were simulated with the model MAESTRA (Medlyn et al. 2001 , Medlyn 2004 ). In addition to providing estimates of total tree photo-synthesis and respiration, we used the model for sensitivity runs to individually test the direct and indirect (e.g., altered foliage spacing, increased leaf area, reduced photosynthetic capacity at the leaf level) effects of elevated [CO 2 ] on the modeled C balance and thus better understand why and how certain effects occur. Although results of various measurements during the course of the experiment have already been reported in the literature (Appendix , Table A1 ), information obtained during the fourth year of fumigation and during the model simulations is unique.
Materials and methods

Plant material and site description
This experiment on Scots pine (P. sylvestris) forms part of a larger EC-funded research network, ECOCRAFT (Jarvis 1998) , that examined the possible responses of European forest trees to rising atmospheric [CO 2 ]. The experiment was carried out in four open-top fumigation chambers (OTCs) at the University of Antwerp (UIA, Wilrijk, Belgium). The decagonal OTCs (diameter 3 m, height 4.5 m, inserted 0.5 m in the soil) were made of Perspex (Plexiglas) acrylic sheets and had a ground area of 7.1 m 2 . Incoming air was distributed through a polyethylene annulus 1 m above ground, at a rate of about 5000 m 3 h -1 (air was replaced twice per min). Two OTCs were kept at ambient [CO 2 ], whereas two others were maintained at ambient + 400 µmol mol -1 CO 2 (elevated [CO 2 ] treatment). Carbon dioxide input was regulated by a mass flow controller (Brooks type 5851E, Rosemount, Rijswijk, The Netherlands).
Before planting, the native loamy soil was excavated to a depth of 0.5 m and replaced by a sandy forest soil containing about 0.1% N. Soil was not reconstructed by horizon and so the depth distribution of the fine roots may have been atypical for a Scots pine forest. On March 21, 1996, 3-year-old Scots pine seedlings of about 0.4-m height were planted, 11 per OTC (1.55 trees m -2 ) and 0.7 m apart from each other and from the walls. To mitigate any boundary effects, seedlings from the same lot were also planted at the same spacing around the outside of each OTC. The elevated [CO 2 ] treatment started on April 1, 1996, and continued until the end of the experiment in November 1999 (four growing seasons). No nutrients or water were applied during the experiment. Long-term mean annual temperature and rainfall at the experimental site are 12°C and 770 mm, respectively. Further details on the experimental conditions are given by Jach and Ceulemans (1997, 1999) .
Destructive harvests
At the end of Year 3 of fumigation (November 1998), canopy closure had occurred (projected leaf area index (LAI) = 5.8 in ambient [CO 2 ] and 7.4 in elevated [CO 2 ]), and six randomly selected trees were harvested from each OTC . Trees were felled at ground level, and total stem height and diameter at 0.15 m height were measured. Subsequently, stems were divided into five sections corresponding to the branch whorls. Within each section, foliage was subdivided into current-year and 1-year-old needles. No 2-year-old needles were found. Needle surface area per tree was calculated from the needle area-fresh mass allometric relationship established for five sampled fascicles per tree, and total fresh mass . Specific leaf area was estimated as total needle surface area/total needle dry mass per tree.
Two weeks before the destructive harvest, fine root biomass to a depth of 0.5 m was assessed with a root-corer with an inner diameter of 80 mm. Fifteen soil cores per OTC were sampled within three zones. For the first zone, six cores were taken within a 0.15-m radius around six randomly selected trees. For the second zone, six samples were collected within a 0.15-0.35-m radius from the tree stem. Finally, three soil cores were collected randomly at a distance of more than 0.35 m from the closest tree (third zone). The root content of each core was separated into live and dead roots (root litter) by visual inspection (Persson 1980) : the xylem of dead roots is darker in color than that of fine roots, there is less cohesion between xylem and cortex and root tips are more brittle. Subsequently, roots were separated into fine (diameter < 2 mm) and coarse roots (diameter > 2 mm). Total fine root mass per OTC was calculated as follows. First, total fine root mass within each soil zone was calculated by multiplying root mass per soil core volume by the soil volume of that zone. Then fine root mass was summed over the three zones. To express the results on a single-tree basis, total fine root biomass was divided by the number of trees in each OTC (n = 11).
To calculate coarse root biomass, the coarse root systems of all harvested trees were carefully dug out by following the roots from the bole outward, until their diameter was < 5 mm. Although care was taken not to disturb the surrounding soil, this harvest is likely to have damaged some fine roots of the remaining trees and thus may have affected their growth during the fourth year. The adhering soil was washed and sieved to collect as many roots as possible. Excavated roots were separated into coarse and fine roots (fine root biomass was not used, because the harvested root systems were within the first zone assessed with the soil cores and were thus already accounted for). To account for coarse root biomass further away from the stems, coarse root biomass in zones two and three of the soil coring was scaled to the tree-level in a similar manner as for fine roots. This extra coarse root biomass was then added to the biomass per tree. Fresh mass of all tree compartments was determined, after which samples were oven dried at 80 °C to constant mass (2 days for fine roots and foliage).
The remaining five trees per OTC were harvested at the end of Year 4 of fumigation (November 1999) following the same procedures as described above (Van Hove 2000) , with the exception of root biomass. At the end of the experiment, no soil cores were taken. Total coarse root biomass was estimated from the harvested root systems, enhanced by a similar proportion as in Year 3 to account for coarse roots growing in zones two and three. Fine root biomass was assumed to represent the same proportion of total root biomass as in Year 3.
Carbon balance
The key components of the C balance of trees are photosynthesis, respiration and biomass production. Biomass distribution and production were estimated from litter fall and from de-structive harvests made at the end of Years 3 and 4. Photosynthesis and maintenance respiration were estimated with the mechanistic model MAESTRA, parameterized with physiological measurements taken during Year 2, and constrained with biometric observations throughout Years 3 and 4. Growth respiration was crudely estimated from construction costs for Scots pine reported in the literature (see below).
Biomass production
Stem height and diameter at 0.15 m height were measured frequently during the first 3 years of fumigation and at the final harvest. Crown dimensions (canopy depth and width at different heights) were measured at the first harvest and throughout Year 4. Productivity of stems, branches and coarse roots in Year 3 were estimated as follows. Biomass data obtained at the first harvest were used to derive allometric relationships between biomass and volume index (VI, calculated as tree height × diameter 2 ) for stem, branch and coarse root components (Table 1). These allometric relationships were used to estimate woody biomass of all trees at the start of Year 3, and that of the non-harvested trees at the end of Year 3. Growth of woody tissues was then estimated from the biomass difference between the beginning and the end of Year 3 (11 trees per OTC). For the fourth year, growth was estimated from the difference in biomass of the remaining trees at final harvest (measured) and at the end of Year 3 (calculated with allometric relationships; five trees per OTC).
Canopy productivity index (CPI) was estimated as the production of stem over the leaf area at the end of the year. We decided not to use peak leaf area for the calculation of CPI (Norby 1996) , because this value was estimated whereas leaf area at the end of the year was measured.
In Year 3, needle production per tree was obtained from allometric relationships between the biomass of current-year needles and VI, which were established for the harvested trees and applied to the remaining trees (Table 1) . In Year 4, needle production was estimated from the harvested biomass of current-year needles. Fine root production was measured only in Years 1 and 2 (Appendix, Table A1 ). For Years 3 and 4, fine root production was assumed to be 1.5 times fine root biomass at the end of the year. This crude assumption was based on observations in a nearby Scots pine plantation, where the ratio of fine root productivity (2.9 Mg DM ha -1 year -1 ) over standing fine root biomass (1.9 Mg DM ha -1 year -1 ) was 1.5 (I.A. Janssens, unpublished data).
Photosynthesis and maintenance respiration
Gross photosynthesis and maintenance respiration of all tree organs were simulated with the MAESTRA model (Medlyn et al. 2001 , Medlyn 2004 . MAESTRA is an updated version of MAESTRO (Wang and Jarvis 1990b ), a detailed three-dimensional model of forest canopy radiation absorption, photosynthesis and transpiration. MAESTRA was chosen because it explicitly represents individual tree crowns rather than assuming a homogeneous canopy, an important factor in this OTC experiment where individual trees were removed at random (and thus at different locations in different OTCs) and large gaps were created.
The model represents the canopy by an array of semi-ellipsoidal tree crowns. The x and y coordinates and time courses of height, crown radius and leaf area of each crown are inputs. The distribution of leaf area density within the crown envelope can also be specified. Calculations are made on a half-hourly time step. Radiation absorbed for a given tree is calculated by dividing the crown into 72 subvolumes. Penetration of beam and diffuse radiation of three wavelengths (photosynthetically active radiation (PAR), near-infrared (NIR) and thermal) to each subvolume is calculated from sun position and crown geometry. Based on absorbed radiation, leaf-level submodels of photosynthesis and stomatal conductance (Farquhar et al. 1980 , Leuning 1995 are used to determine photosynthetic rate for sunlit and shaded foliage in each subvolume. Canopy radiation absorption, photosynthesis and transpiration are calculated by summing over subvolumes and tree crowns. Maintenance respiration of all tree organs is calculated from organ biomass, base respiration rate and temperature.
The model was parameterized with data from a suite of measurements. The main inputs required for the model are geographical location, meteorological data (air and soil temperature, PAR and vapor pressure deficit), crown positions and dimensions, leaf area and canopy structure, and physiological parameters (among others, maximum rate of Rubisco activity (V cmax ), electron transport rate (J max ), basal respiration rates and temperature sensitivity of maintenance respiration of all biomass compartments). The latter parameters were mostly acquired within the same study, but unfortunately often in Table 1 . Parameter values of allometric relationships between biomass of different compartments and stem volume index: Biomass = a + bVI (biomass in g DM tree -1 ; VI = volume index = tree height × diameter 2 at 15 cm above ground, in dm 3 ). For each relationship, the accompanying P and r 2 values as well as the standard error (SE) of the parameters a and b are given (n = 12 in both CO 2 treatments). Years 1 and 2 of the experiment, whereas the model study was done for Years 3 and 4 (Appendix , Table A1 ). Meteorological measurements were taken from a nearby meteorological station (Brasschaat, 20 km NE of site). On average, the OTC increased ambient temperature by 1°C and reduced incident PAR by 20% (Jach 2000) . Tree height and stem diameter were measured regularly, allowing crown dimensions to be determined. The seasonal pattern of needle area was reconstructed as follows. Initial and final needle areas for both years were estimated from the harvest data or from allometric relationships, or both. Needle production then increased needle area starting on Day 133 in the elevated [CO 2 ] treatment and on Day 140 in the ambient [CO 2 ] treatment (observed dates of bud burst, Jach and Ceulemans 1999) . Estimated annual needle production was then distributed uniformly between the date of bud burst and mid August (when peak leaf area was observed in a nearby Scots pine forest). Needle area was reduced by litter fall, which was assumed to start on Day 225 and ended on Day 270 in both treatments. Litterfall was estimated as the difference between needle biomass at the beginning of the year and the biomass of 1-yearold needles at the end of the year (no 2-year-old needles were present). The vertical distribution of current-year and 1-year-old needles was determined from harvest data, and β-distributions were fitted to simulate the needle area proportion at different heights in the canopy (Wang and Jarvis 1990a) . The degree of clumping of Scots pine needles was determined on 10 branches for each treatment with Delta-T Windias software (Cambridge, U.K.) and a Hitachi KP-C551 color camera (Hitachi-Denshi, Herfordshire, U.K.) (Oker-Blom and Kellomäki 1983).
Needle photosynthetic parameters and their seasonal variation were taken from measurements made during Year 2 of fumigation (Jach and Ceulemans 2000a) , and we assumed the same parameterization for Years 3 and 4. Maintenance respiration in needles and fine roots was measured in Years 2 and 1, respectively (Janssens et al. 1998, Jach and Ceulemans 2000b) . Construction costs most likely did not confound our maintenance respiration estimates, because fine root respiration measurements were made at the end of the growing season (October) and needle respiration rates were performed on fully expanded needles. These measurements were used as model inputs for Years 3 and 4. Because maintenance respiration is linearly related to tissue N content (Wullschleger et al. 1992 , Ryan et al. 1996 , Zogg et al. 1996 , the measured needle maintenance respiration coefficients were scaled to woody tissues based on a linear relationship with N concentration (Table 2) . Both the scaling of respiration rates from Years 1 and 2 to Years 3 and 4, and of needle respiration to wood respiration, introduced considerable uncertainty into the model predictions.
MAESTRA was used to estimate tree-level photosynthesis and maintenance respiration for each treatment in Years 3 and 4. The model also estimated the individual effects of several elevated-[CO 2 ]-induced changes on the C balance, by running simulations in which only one parameter or parameter set was changed at a time. For example, the effect of increased LAI was estimated by parameterizing the model with the data obtained in the ambient [CO 2 ] treatment except for LAI, which was set at the value observed in the elevated [CO 2 ] treatment. Using this approach, the overall effect of elevated [CO 2 ] was partitioned into direct effects (due directly to elevated [CO 2 ]) and indirect effects (due to acclimatory changes in photosynthetic rates, changes in LAI and changes in canopy structure).
Construction respiration
The respiratory cost of producing new tissues was estimated by multiplying the total annual production of each tissue by a construction cost, which was estimated as follows. Needles growing in ambient [CO 2 ] were assumed to require 0.564 g C per g C incorporated in new tissues, as was previously reported for Scots pine needles (Zha et al. 2001 ). This construction cost was scaled to other tissues (Table 2) based on a linear relationship between construction cost (R c ) and tissue N concentration (%):
Although these assumptions clearly increased uncertainty, this was not considered critical because construction costs contribute only a small part to the C budget.
Missing carbon
In both CO 2 treatments, a significant proportion of the simulated P tot could not be allocated to any sink. Because of this uncertainty, we calculated C allocation relative to the total sum of sinks (respiration + productivity) rather than to estimated photosynthetic uptake. 328 JANSSENS ET AL.
TREE PHYSIOLOGY VOLUME 25, 2005 Table 2 . Estimated construction respiration costs (in g C respired per g C produced) and maintenance respiration rates at 25°C (in nmol C respired g DM -1 s -1 ) for different tissues of Scots pine trees grown in either ambient or elevated [CO 2 ]. Only the maintenance respiration of needles and fine roots was measured; other estimates were obtained as explained in the text. Abbreviations: c = current-year needles; and 1 y = 1-year-old needles. 
Results
Tree size and leaf area evolution
At the start of Year 3, trees growing in elevated [CO 2 ] were significantly taller, and had greater stem diameters and leaf areas than trees growing in ambient [CO 2 ] (Figure 1 ). These differences increased slightly during Year 3, although the relative difference between the treatments declined. At the end of Year 3, LAI was 5.8 in ambient [CO 2 ] and 7.4 in elevated [CO 2 ]. This dense canopy was thinned when six trees per OTC were harvested. Despite the random selection of trees harvested, the partial harvest reduced mean height, stem diameter and needle area of the standing trees in both treatments (i.e., the harvested trees were larger than the remaining trees; Figure 1) . During Year 4, the increments in stem diameter and tree height were larger in trees growing in ambient [CO 2 ] than in elevated [CO 2 ]; however, the differences in tree height, stem diameter and needle area between CO 2 treatments were nonsignificant (Figure 1 
Carbon uptake
Elevated [CO 2 ] increased modeled photosynthetic C uptake by 30% in Year 3 (Figure 2 ) and the corresponding value in Year 4 was 25% (Figure 2 ). Model simulations indicated that the stimulation was the combined result of a higher needle area (+14%), larger crowns (needle area more widely spread; +8%) and higher atmospheric [CO 2 ] (+20%). The stimulation was partially offset by down-regulation of photosynthetic rates (-17%) in the elevated [CO 2 ] treatment (Figure 3) .
Whole-tree photosynthesis was significantly higher during Year 4 than during Year 3 in both CO 2 treatments (Figure 2 ). Model simulations showed that, in both treatments, the increase was caused more by the enhanced light regime following the partial harvest (55-60%) than by the larger needle area per tree (40-45%). Because of the enhanced light regime in Year 4, a direct comparison of the photosynthetic fluxes of trees grown in ambient and elevated [CO 2 ] in Year 4 is uninformative, despite their similar size and needle area.
Allocation patterns
In both years and treatments, most C was allocated to foliage and least to fine roots (Figure 4 , left hand bars in panels a-d). Maintenance respiration imposed a larger C cost than productivity and growth respiration (Figure 4 , middle bars in panels a-d), and belowground C allocation was small relative to aboveground C allocation (Figure 4 , right hand bars in panels a-d). Trees allocated a larger proportion of their available C to respiration in Year 4 than in Year 3, which is a typical ontogenetic pattern because a larger biomass requires more maintenance.
In both years, total maintenance respiration was higher in trees growing in elevated [CO 2 ] than in ambient [CO 2 ], because the larger biomass outweighed the reduction in specific maintenance respiration rates (Figure 2) . Similarly, construction respiration was higher in trees growing in elevated [CO 2 ] than in ambient [CO 2 ], because the stimulation in growth rate compensated for the reduced construction costs. Because the stimulation of productivity was similar to the increase in respiratory C consumption, elevated [CO 2 ] did not alter the relative proportions of C allocated to maintenance respiration, growth respiration and biomass production (Figure 4 , middle columns).
The relative proportions of C allocated to different tree compartments were affected by growth in elevated [CO 2 ]. Relative C allocation to foliage decreased, whereas that to fine roots increased, in response to elevated [CO 2 treatment. An asterisk indicates a significant difference at P = 0.05, and ns = no significant difference. All data are measured except for the seasonal changes in leaf area which were interpolated. allocation to wood. Total belowground C allocation was more than 10% higher in elevated [CO 2 ] than in ambient [CO 2 ].
Productivity and biomass increment
Interpolation of the allometric relationships established at the end of Year 3 suggested that, at the start of Year 3, trees in elevated [CO 2 ] had twice the biomass of trees in ambient [CO 2 ] (Table 3) . In Year 3, total biomass production was 37% higher in elevated [CO 2 ] than in ambient [CO 2 ] (Figure 2 ). However, this difference was mainly due to increased production of short-lived tissues (needles and fine roots) in the elevated [CO 2 ] treatment (Figure 2 ), so the increment in total standing biomass was only enhanced by 12% in the elevated [CO 2 ] treatment during Year 3, despite the much larger biomass production. At the start of Year 4, trees grown in elevated [CO 2 ] had 80% more biomass than trees grown in ambient [CO 2 ]. During Year 4, the production of woody biomass was similar between treatments, but elevated [CO 2 ] enhanced production of foliage and especially fine roots ( Figure 2 ). As in Year 3, total biomass production was higher in elevated [CO 2 ] than in ambient [CO 2 ], but standing biomass increased similarly in both treatments because the higher needle loss and fine root mortality in elevated [CO 2 ] compensated for the increased productivity (Figure 2 ). The increase in needle loss in response to elevated [CO 2 ] also resulted in a smaller increase in needle area per tree, despite the higher needle production (Figure 1) . By the . All fluxes are in g C tree -1 year -1 . Abbreviations: P tot = gross C uptake; subscript f = foliage; subscript w = woody tissues (sum of branches, stems and coarse roots); subscript fr = fine roots; Prod = biomass production; R c = construction respiration; R m = maintenance respiration; and Lit = litter production. Missing C was estimated as the difference between P tot and all other C sinks.
end of Year 4, the difference in accumulated biomass between CO 2 treatments was only 44% (Table 3) .
The CPI was only slightly affected by elevated [CO 2 ]. In both Years 3 and 4, elevated [CO 2 ] increased CPI by 5% (Table 4).
Biomass distribution
Throughout the experiment, typical ontogenetic patterns were observed in both CO 2 treatments. During Years 3 and 4, the proportion of total biomass in stems increased (Figure 3) , the ratio of woody/total biomass increased (Table 4) , and the ratio of belowground/aboveground biomass declined (Table 4) . Nonetheless, several effects of elevated [CO 2 ] on biomass distribution were identified.
At the start of Year 4, total needle area and mass were 30% higher in elevated [CO 2 ] than in ambient [CO 2 ], but these differences were not significant (P > 0.05) (Figure 1) . Apart from needles, elevated [CO 2 ] significantly enhanced all other biomass compartments (Table 3) and decreased the relative amount of foliage in favor of branches, coarse roots and fine roots ( Figure 5 ). In the elevated [CO 2 ] treatment, belowground/aboveground biomass and fine root/foliage biomass ratios increased significantly, and woody tissues contained a higher proportion of total biomass (Table 4 ). These differences reflect the preferential growth stimulation by elevated [CO 2 ] of coarse roots and branches compared with stems, which resulted in a slightly lower relative biomass proportion in stems in the elevated [CO 2 ] treatment ( Figure 5 ). Most of these effects of elevated [CO 2 ] were still apparent at the end of Year 4 ( Figure 5 , Table 4 ).
To determine if elevated [CO 2 ] altered ontogenetic patterns, trees of similar size were compared by interpolating the allometric relationships to a stem volume index of 4 dm 3 . Several differences in biomass partitioning were found (Table 5) . First, in both Years 3 and 4, elevated [CO 2 ] tended to decrease needle biomass, but this difference was not statistically significant. Second, in accordance with the increased allocation to the fine root system, elevated [CO 2 ] significantly enhanced fine root biomass, which doubled the fine root/foliage ratio (Table 4) (Table 4) . Last, the belowground/aboveground biomass ratio was significantly enhanced by elevated [CO 2 ].
Discussion
Carbon uptake
Elevated atmospheric [CO 2 ] enhanced photosynthetic C uptake in Years 3 and 4 of fumigation. The photosynthetic response to elevated [CO 2 ], which has been the subject of several review papers (Ceulemans and Mousseau 1994 , Gunderson and Wullschleger 1994 , Norby et al. 1999 , Janssens et al. 2000 , varies widely in magnitude among experiments, but Norby et al. (1999) reported an overall mean stimulation of 63% (n = 36) and Medlyn et al. (1999) concluded from a meta-analysis of 28 experiments that the light-saturated rate of photosynthesis (A max ) was enhanced by 51%. In our experiment, elevated [CO 2 ] consistently increased A max by 40-80% (Jach and Ceulemans 2000a) , agreeing with the overall trend reported in the literature. Nonetheless, both potential electron transport rate at 25°C (J max ) and maximum rate of Rubisco activity at 25°C (V cmax ) were on average 25% lower in trees growing in elevated [CO 2 ] than in trees growing in ambient [CO 2 ] (Jach and Ceulemans 2000a). A similar down-regulation has been found in many other studies on conifers (Tissue et al. 1999 , Griffin et al. 2000 , Lewis et al. 2004 , although it was restricted to 1-year-old needles in some studies (Tissue et al. 2001 , Rogers and Ellsworth 2002 , Crous and Ellsworth 2004 .
Our modeling analysis indicated that this down-regulation of the photosynthetic machinery reduced annual photosynthetic C uptake in the elevated [CO 2 ] treatment by 17% (Figure 3) , and the negative effect of the down-regulation of photosynthesis on the annual C uptake was almost as large as the direct stimulatory effect of elevated [CO 2 ] (Figure 3 ). This result may imply that, when both canopies reach canopy closure, no further effect of elevated [CO 2 ] on C uptake will occur, unless significantly larger canopies can be sustained in elevated [CO 2 ]. In our experiment, LAI tended to be larger after 4 years of fumigation with elevated [CO 2 ], but the difference decreased with time. Free-air CO 2 enrichment (FACE) experiments, which can provide some indication of whether LAI will be stimulated by elevated [CO 2 ] in closed canopies, have so far provided no evidence of a significant increase (Lichter et al. 2000 , Norby et al. 2001 , Gielen et al. 2003 .
However, it could also be argued that, if elevated [CO 2 ] has no effect on LAI after canopy closure, then nutrient limitation will be alleviated. Therefore, based on the assumption that nutrient limitation induced the decreases in J max and V cmax in the 332 JANSSENS ET AL.
TREE PHYSIOLOGY VOLUME 25, 2005 could still enhance photosynthetic C uptake. Modeled C uptake was larger in Year 4 than in Year 3. This increase was primarily associated with the improved light regime after the partial harvest at the end of Year 3, although the larger needle area also contributed significantly. However, in both Years 3 and 4, photosynthesis was modeled with J max and V cmax values measured in Year 2 of the experiment. Thus, if nutrients became more limiting as the trees became taller and carried a larger needle area, it is possible that C uptake was overestimated in both treatments. It is particularly likely that C uptake was overestimated in Year 4 given the large unaccounted sink in Year 4 (3-30%, Figure 2 ).
Missing C sinks of similar magnitude (20%) have previously been reported in similar well-constrained model analyses (Schafer et al. 2003 ). These authors assumed this C was lost below ground through enhanced allocation to root symbionts, exudation or accelerated fine root turnover. Other potential explanations include increased storage, herbivory and emissions of volatile organic C, as well as overestimated photosynthesis or underestimated respiration.
Carbon allocation and biomass distribution
In both CO 2 treatments, trees followed a typical ontogenetic pattern, with a smaller proportion of total biomass in foliage and fine roots and a higher proportion in woody tissues in Year 4 than in Year 3. ] effect on C allocation was therefore confounded by the difference in ontogenetic stage between trees in the two treatments. Enhanced allocation to roots agrees with the functional equilibrium theory (Bryant et al. 1983) , which hypothesizes increased belowground allocation in trees grown in elevated [CO 2 ] in response to increased C availability and relatively lower nutrient availability. Increased allocation of C to roots (and mycorrhizal symbionts) could result in the development of larger root systems (and mycelia), and hence enhanced nutrient uptake capacity (Rogers et al. 1994) , and is likely to be more prominent in nutrient-poor soils. The large shift in the allocation pattern that we observed is therefore consistent with the functional equilibrium theory.
Productivity and growth
The enhanced C availability in the elevated [CO 2 ] treatment stimulated productivity (Figure 2 ). This enhanced growth was largest for needles and fine roots, and smallest for woody tissues. The estimated stimulation of CPI in our study was therefore small (+5%), and much smaller than the mean CPI of 25-30% reported by Norby (1996) and Medlyn et al. (2001) . Because of the higher turnover of needles and fine roots in elevated [CO 2 ], no differences in annual biomass increment were observed in Year 4, and the stimulation of total biomass dropped dramatically from +80% at the beginning of Year 4 to +40% at the end of Year 4 (Table 3) . Nonetheless, a 40% biomass response is large compared with the mean value of 32% reported by Wullschleger et al. (1995) based on a literature review (58 studies), and 29% calculated from a meta-analysis of 102 experiments (Curtis and Wang 1998) . Curtis and Wang (1998) reported a significantly lower biomass response for nutrient-stressed trees (+16%) than for non-stressed trees (+31%), suggesting our trees were not subjected to nutrient stress. However, in our experiment, the difference in biomass between treatments accrued almost entirely in the first 2 years; thus, it is possible that nutrient stress became limiting only after several years of fumigation with elevated [CO 2 ]. We speculate that, during a fifth year, the relative difference in standing biomass between the CO 2 treatments would decline further to a value comparable with the mean reported by the global reviews.
Our observation that the difference in biomass increment between ambient and elevated [CO 2 ] disappears with time agrees with results from other studies of trees on nutrient-poor soils. Peltola et al. (2002) reported that the diameter growth response of P. sylvestris to elevated [CO 2 ] decreased with time. In their study on relatively large trees growing in OTCs in the field, the observed growth response was less than in most studies on small seedlings and less than in studies performed under optimal growth conditions. In a FACE experiment on a closedcanopy Liquidambar styraciflua L. stand, aboveground biomass increment was 24% higher in elevated [CO 2 ] than in ambient [CO 2 ] (Norby et al. 2001) ; however, this stimulation was averaged over the first 2 years of fumigation, and the response in the second year (+15% and statistically not significant) was only half that during the first year. In a FACE experiment on Pinus taeda L., elevated [CO 2 ] stimulated annual biomass increment during the first 3 years of treatment, but not during the following 4 years (Oren et al. 2001) . In that study, fertilization restored the stimulatory effect of elevated [CO 2 ], such that nutrient limitation was hypothesized to explain the absence of a stimulation of biomass increment. Decreases in the growth response to elevated [CO 2 ] over time were also found for Mediterranean forest tree species growing close to natural CO 2 springs on low-fertility soils .
In Year 4, annual biomass increment was no longer affected by the elevated [CO 2 ] treatment, whereas C inputs to soil were probably increased because of the enhanced production of tissues with limited longevity. It is, however, highly speculative 334 JANSSENS ET AL.
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We applied a mechanistic model in an attempt to better understand the direct and indirect effects of elevated [CO 2 ] on Scots pine saplings. We hypothesized that, in response to elevated [CO 2 ], Scots pine trees would allocate a higher proportion of their available photosynthates below ground to maintain functional equilibrium. The hypothesis was supported by the data: the proportion of available carbon allocated below ground increased by about 50% in response to elevated [CO 2 ]. Our second hypothesis was that, despite the nutrient-limited conditions, elevated [CO 2 ] would stimulate photosynthesis, accelerate tree growth and increase carbon flow to the soil. The model indicated that stand-level photosynthesis was stimulated in Years 3 and 4 of fumigation. Tree growth, in contrast, was unaffected by elevated [CO 2 ], because increased carbon availability in the elevated [CO 2 ] treatment was allocated to short-lived biomass compartments and did not enhance woody tissue production. The strong stimulation of short-lived tissues resulted in a large increase in C inputs to the soil. Thus, although elevated [CO 2 ] is unlikely to accelerate tree growth, our results suggest that Scots pine ecosystems may sequester more carbon when grown in elevated [CO 2 ] because the higher inputs of recalcitrant Scots pine litter are likely to enhance soil carbon stores.
